After an explosion occurs in a tunnel, the blast waves take on diverse forms of attenuation in different regions when it propagates along the tunnel. However, the prediction of the overpressure decay laws proposed in previous studies has not taken into account the influence of the different regions in the tunnel. e present paper uses the example of the Micangshan highway tunnel in China and considers many factors that influence the propagation of the blast waves by dividing the tunnel into four zones. e paper modifies the decay equation proposed by Smith and applies it to the Micangshan highway tunnel in China. e decay equations are different in different zones. Field tests in this tunnel show that the modified equation is more suitable to describe the attenuation of the blast waves in the tunnel than the original equation.
Introduction
e drilling and blasting method is widely used in the excavation of mountain tunnels. During the advancing of a tunnel, there are two major problems due to the blasting: vibration and shock wave (or air blast wave). Blast-induced vibration affects the stability of surrounding rocks and threatens the safety of neighboring buildings or structures. Numerous studies have been published on the responses and damage to structures subjected to blastinduced vibration [1] [2] [3] [4] . Most of the explosive energy is consumed in breaking the rocks, causing the vibration and throwing out the fragments. A small remaining part of the energy enters the surrounding air through the gaps, compresses the air, and creates the air blast waves [5, 6] .
e air blast waves threaten the safety of personnel and equipment in the tunnel [5, 7, 8] . During the blasting operation, the personnel and properties have to be evacuated far away from the advancing face to avoid the threat of the air blast waves.
is evacuation and subsequent recovery takes a lot of time that is unendurable, especially for an extralong tunnel. Hence, it is very important to determine the safe distance from the explosion for the properties and personnel.
Many studies of the propagation of air blast waves induced by the detonation of explosive charges have been done in free fields, where the blast waves propagate freely in the atmosphere. Baker et al. [7] , Brode [9] , and Henrych [10] proposed general fitting laws to describe the relationship between the maximum overpressure peak and the distance to the explosive charge. Ishikawa and Beppu [11] summarized some lessons about the negative air blast waves of explosions over structures from explosive tests. Using the Computational Fluid Dynamics (CFD) method, Chapman et al. [12] simulated the propagation of an air blast wave in a two-dimensional free field. Wu and Hao [13] built a 3D model to simulate the effects of an explosion on neighboring structures, considering the ground vibration and air blast wave at the same time. Casal and Salla [14] and Genova et al. [15] also defined the peak intensity of the boiling liquid expanding vapour explosion (BLEVE) blast wave in a free field.
e propagation of blast waves in a free field is different from that in a tunnel, which is a confined environment. Although the negative effects of the air blast wave on structures have been studied for many years, there are not many studies set in underground environments. Smith et al. [16] described a series of scaled model tests of blasting loading and suggested that scaled models can provide a useful means of obtaining blast loading data for complex structures. Smith et al. [17] also conducted a scaled model test of the blast wave propagation along straight tunnels and revealed that the roughness of the tunnel walls has significant effects on the blast wave propagation. Li and Zheng [18] conducted scaled model tests to investigate the air blast propagation down the tunnel and developed empirical equations to predict the intunnel air blast pressure induced by detonations that are external, internal, and at the entrance.
Recently, the CFD method has been widely used to investigate the propagation of air blast waves induced by dense explosives in confined complex geometries [19] [20] [21] [22] . Using a numerical method, Liu et al. [23] investigated blast wave propagation near the explosion site inside a tunnel. Benselama et al. [24] and Uystepruyst and Monnoyer [25] revealed that the air blast waves in a tunnel have two patterns: a free-field overpressure decay pattern near the explosion site and a quasi-one-dimensional pattern far from the explosion.
ey proposed a correlation law by a numerical study to define the transition distance according to the explosive charge and the geometry of the propagating domain. Pennetier et al. [26] conducted a scaled model test and numerical simulation of blast waves in tunnels and found that the data of the experimental tests fit well with the numerical simulation. In field tests, Rodríguez et al. [6, 27] developed a semiempirical model to predict the air wave pressure and sound level outside a tunnel due to the blasting inside. A series of explosive detonation experiments was conducted in NIOSH's Bruceton and Lake Lynn Experimental Mines to evaluate the blast wave propagation in underground mines, and a simple scaling relationship of the peak overpressure with the explosive charge and the propagation domain was proposed [28, 29] .
Nevertheless, there are little published experimental data about blast wave propagation in tunnels. is paper intends to use field test data to determine a simple law to predict the overpressure decay in a long tunnel.
is has great importance to prevent the threat of blast waves in a long tunnel for personnel and properties.
Blast Wave Propagation in a Tunnel
Near the explosion charge, the blast waves propagate freely in the atmosphere, as shown in Figure 1(a) . e most common free-field decay law proposed by Henrych [10] can be used to relate the maximum overpressure peak (in Pa) Δp to the distance from the explosive charge, which is shown as follows:
where Q is the explosive charge (in kg) and x is the distance from the explosion point to the measurement point (in m). However, in the tunnel far away from the explosion, the blast waves can be considered to propagate in a quasi-one-dimensional pattern, as shown in Figure 1 (b). Benselama et al. [24] proposed a fitting law to distinguish the discontinuity location Z Trans where the blast wave propagation pattern transforms into
where the parameter α represents the ratio of the explosive diameter to the tunnel's hydraulic diameter. If the parameter Z in equation (1) is bigger than Z Trans , the blast waves in the tunnel can be considered to propagate in a quasi-one-dimensional pattern, as shown in Figure 1 (c). e following empirical law can also be used to predict the overpressure decay in the tunnel:
where Δp is the maximum overpressure (in Pa) at a measurement point; Q is the explosive charge per delay (in kg); S is the area of cross section of the tunnel (in m 2 ); x is the distance from the explosion point to the measurement point (in m); and d is the equivalent diameter of the cross section of the tunnel (in m). e parameters a, b, m, and n have to be estimated by experience. Kuzyk [30] suggested the parameters a and b to be 2900000 and 730000, respectively, while the Chinese government's Enforceable Handbook of Safety Regulations for Blasting [5] suggested the parameters a and b to be 3270000 and 780000, respectively. e parameter m represents the amount of explosive energy converted to the air blast waves, and the parameter n represents the attenuation of the maximum overpressure with the distance x. Rodríguez et al. [6, 27] regarded m as a constant value 0.4 and n as a variate less than 0.15 and changing with the distance x. However, in the Enforceable Handbook of Safety Regulations for Blasting [5] , the parameter m is suggested to be 0.05∼0.1 for drilling and blasting to advance the tunnel, and the parameter n represents the surface roughness coefficient of the wall.
Smith and Sapko [29] investigated the blast wave propagation in underground mine entries by experiment and put forward the simple decay relationship between the maximum peak overpressure Δp and the pentolite explosive charge Q and the volume of the propagation domain V:
By fitting the experimental data to the equation, the parameter A and the exponential β were suggested to be 702800 and 0.514, respectively [29] . is simple correlation for a single entry fits the data quite well for experimental overpressures from 5 to 50 kPa. Silvestrini et al. [31] adopted the energy concentration factor (ECF) to extend the decay laws for open-space detonation of a TNT charge to one-dimensional 2
Shock and Vibration propagation in a tunnel with one closed end and suggested the parameter A and the exponential β to be 743538 and 0.51. However, equation (5) has to be modified because the explosive energy cannot be all converted to the air blast waves and the difference of the kind of explosive. Referring to equation (4) proposed by Kuzyk [30] , the parameter m is added to the numerator. e parameter λ is the TNT equivalent coefficient. e modified equation is as follows:
where the parameter m represents the amount of explosive energy converted to the air blast wave and the exponential β represents the attenuation of the maximum overpressure. e parameter λ has been found in previous studies to be 0.6 for the emulsion explosive commonly used in tunneling [32] . e parameter m was regarded by Rodríguez et al. as a constant value 0.4 [6, 27] . However, the exponential β is more difficult to determine because the heading face blasting and blast wave propagation are more complicated in a real tunnel. is paper intends to determine the exponential β when equation (6) is used to predict the overpressure induced by blasting in a road tunnel.
The Attenuation of Overpressure in a
Road Tunnel e investigation of the overpressure attenuation was carried out in the Micangshan highway tunnel in Western China. e tunnel is 13.8 km in length and was constructed by the New Austrian tunneling method (NATM). Figure 2 shows the profiles of the Micangshan highway tunnel close to the explosion site. According to the change of the cross section, roughness of the wall, and the obstacles in the tunnel, the propagation area of the blast waves in a road tunnel can be divided into four zones. In Zone I, the secondary lining has not been casted. e tunnel has rough and uneven walls, and the area of the cross section is about 77.98 m 2 . In Zone II, the secondary lining is being casted. e cross-sectional area and wall roughness change suddenly. ere are much equipment placed in Zone II, such as the framework of the secondary lining casting, loaders, and drilling jumbo evacuated from the heading face. ese equipment also affect the blast wave propagation and cause additional attenuation of the overpressure. In Zone III, the secondary lining has been casted, and the area of the cross section is about 62.5 m 2 . Generally, the overpressure has a light attenuation in this area as the secondary lining has a smooth, flat surface [17] . Zone IV has an enlarged cross section which is generally used in a long road tunnel as an emergency parking strip. In this area, the cross-sectional area increases from 62. . Some equipment like air compressors and ventilators are placed in Zone IV. In the middle of Zone IV, there is a cross aisle leading to another twin tunnel. Not only the change of the cross-sectional area but also the branch of the tunnel causes great attenuation of the overpressure in this zone [29] . Behind the Zone IV, the form of cross section is the repetition of Zone III and Zone IV.
e attenuation of overpressure in the tunnel comes from resistance during the propagation. e exponential β which represents the attenuation of the overpressure in equations (5) and (6) is related to many factors, such as the change of cross- e overpressure along the tunnel can be predicted using these attenuation parameters. e overpressure in Zone I can be predicted by equation (6) after the parameters are determined. At the end of Zone I or the beginning of Zone II, the overpressure can be expressed as
where V I is the whole volume of Zone I. Similarly, the overpressure at the end of Zone II or the beginning of Zone III can be expressed as
where V II is the whole volume of Zone II. en, the overpressure in Zone III can be expressed by the attenuation of the overpressure at the beginning of Zone III as
where V is the whole volume of the propagation domain. Equation (9) can be rewritten as
e overpressure in Zone IV can be expressed as
If β 1 , β 2 , β 3 , and β 4 are the same, equation (11) degenerates to equation (6).
Blasting Scheme Used in the Micangshan
Highway Tunnel e field tests on the overpressure in a tunnel induced by the blasting were carried out in the Micangshan highway tunnel. If the surrounding rocks of the tunnel were stable, full-face excavation which has a cross-sectional area of 84 m 2 (i.e., 12.56 m in width and 8.7 m in height) was applied. Figure 3 shows one of the blasting schemes for the full-face excavation of the tunnel. Four kinds of holes are drilled for the blasting: cut holes, stope holes, bottom holes, and contour holes. e cut was used to break out the confinement of the face. Two types of cut are commonly used in tunneling: cuts with angled holes (i.e., conical cut, wedge cut, and fan cut) and with parallel holes (parallel cuts). In this case, the blasting scheme for full-face excavation adopted the parallel cut. After the initial cut creates a second free surface, the stope holes can be blasted at burden into the cut. e bottom holes and the contour holes have the task of producing the most exact profile possible by smooth blasting. e diameters of all the holes are 50 mm, and the depths of the holes range from 1.2 m to 3.5 m depending on the surrounding rock conditions. Hence, the hole depth and its corresponding explosive charge changes frequently in the tunneling. e emulsion explosive and delay detonators are used in the blasting. e emulsion explosive has a good water-resistant performance and is widely used in tunneling. Millisecond detonators are also widely used in tunnel blasting because they normally give enough time for the throwing of the fragments and also favorably influence the individual blasts through the overlapping of the ground vibrations and the effect of the gas pressure on the subsequent charges. Table 1 shows the delays of all the detonator series. However, in some cases of small charges, not all the stope holes are drilled or charged, and some detonator series are empty.
A safe distance of blasting operation is necessary in practical tunneling. During the blasting operation, the space in a tunnel can be divided into three parts for the consideration of safety: forbidden area, injury area, and noise area.
e forbidden area is close to the explosive charge, where the overpressure and rock fragments induced by the blasting might cause personal injury and property damage. All people and equipment are forbidden to enter this area. e space from the site of the blasting operation to the site where the overpressure is 2 kPa is classified as the injury area. Nonblasting operation personnel must be evacuated out of this area. e noise area is far away from the explosive site, where the overpressure cannot cause personal injury. Hence, personnel can stay in this area and need not move out of the tunnel. It is necessary to determine the border of the injury area accurately for a long tunnel in order to ensure personnel safety and save time in the construction process.
Testing Program
e following field tests were carried out mainly in the injury area to determine the attenuation parameters β 1 , β 2 , β 3 , and β 4 . For each blasting operation, the volume of the propagation domain V (in m 3 ) and the overpressure Δp (in KPa) were recorded. Generally, two sensors and two acquisition instruments were used at the same time for one test, as shown in Figure 4 . V 1 and V 2 are the volume of the propagation domain at the sites of sensor 1 and sensor 2. e acquisition instrument (type: Blast-PRO; manufacturer: Tytest Co., LTD, Chengdu, China) has two channels with a sampling rate 10 k∼4 M.
e overpressure sensor (model no.: PCB 113B28 SN; manufacturer: PCB Piezotronics, Inc., U.S.) has a measurement range of 344.7 kPa for ±5 V output and 689.4 kPa for ± 10 V output, a sensitivity of 14.5 mV/ kPa, and a resolution of 0.007 kPa. e testing scheme is shown in Figure 4 .
e overpressure sensors and acquisition instruments are placed near the side wall of the tunnel, and no obstacles are nearby. Figure 5 shows the field tests in the Micangshan tunnel.
e distance between the two sensors has to be large enough to acquire the whole attenuation. And then, the attenuation of the overpressure from the location of sensor 1 to the location of sensor 2 can be calculated. As is shown in Figure 4 , the distance between the two sensors should be longer than 50 m to avoid the interference. For a certain blasting operation, the overpressures Δp 1 and Δp 2 at the sites of sensor 1 and sensor 2 can be predicted by equation (6) , and the attenuation of the overpressure can be drawn:
where V 1 and V 2 can be calculated by the product of the area of the cross section and the distance from the face to the acquisition instrument. Figure 6 shows the waveforms acquired by the sensors after a blast. e blast waveforms have its own characteristics. It is different from the waves produced by other causes, such as tunnel vehicle load and metro train [33] . Each peak reflects the explosion of a detonator series. Generally, cut holes have the maximum charge. e cut holes blasted first and induced the strongest overpressure. e stope holes are followed by the cut holes. e bottom holes and the contour holes had the minimum charge and blasted last. Hence, the maximum peak of the overpressure is decided by the charge of the cut holes. In order to control the variables, we take the maximum peak of the overpressure as Δp in the test results. e test results are shown in Table 2 . Tests were done five times in each zone, and two sensors are placed at a distance of parameter l in each test.
Testing Results
e length of Zone I is about 80∼90 m. e parameter l in Zone I is 50 m. e approximate length of Zone II is 40∼50 m. In the test, to measure the whole attenuation in Zone II, the sensor 1 was placed 25 meters in front of Zone II. And the sensor 2 was placed 25 meters behind Zone II. So, the parameter l in Zone II is 100 m. e length of Zone III is extremely long, and the two sensors can both be placed in Zone III. e parameter l in Zone III is 200 m. As for Zone IV, the length of Zone IV is about 40 m. Because the effect of attenuation in Zone III is not obvious, the sensors could be placed in Zone III to acquire the whole attenuation in Zone IV. During the field testing, the sensor 1 was placed 55 m in front of Zone IV. e sensor 2 was placed 55 m behind Zone IV. So, the parameter l in Zone IV is 150 m. e parameter L 1 represents the distance from the work face to the front sensor at that test moment. e parameter L 2 represents the distance from the work face to the latter sensor at that test moment. In terms of equation (12), every test location could provide a parameter β.
After averaging the results from the five tests in each zone, the results are as follows: parameter β 1 is 0.515 for Zone I, parameter β 2 is 2.66 for Zone II, parameter β 3 is 0.29 for Zone III, and parameter β 4 is 4.45 for Zone IV. e order of attenuation of overpressure in the four zones is Zone IV > Zone II > Zone I > Zone III. e parameter β is related to the change of cross-sectional area, roughness of the wall, and the obstacles in the tunnel. e tunnel has rough and uneven wall in Zone I and Shock and Vibration 5 has smooth surface in Zone III. By comparing with Zone I and Zone III, it can be seen that the rougher the wall is, the greater the attenuation parameter β is. In Zone II, there are many working machines placed, such as the framework of the secondary lining casting, loaders. By comparing with Zone I and Zone II, it can be seen that the attenuation parameter β is greater when there are obstacles in the tunnel. In Zone IV, the tunnel has an enlarged cross section and cross aisle. By comparing with Zone III and Zone IV, it can be seen that the attenuation parameter β is greater when there is change of the cross-sectional area and the branch of the tunnel. Figure 7 shows the correlation of the overpressure in Zone I and Zone III between the tested values and the calculated values. In Zone I, the modified equation is the After taking the logarithm of equations (7) and (10), the overpressure ln Δp can be calculated by the two variables: explosive charge Q and volume V. Figure 8 shows the relationship of the planes that pass the overpressure ln Δp. In Zone I, the two planes that pass ln Δp as calculated by the modified equation and original equation are coincident. In Zone III, due to the impact of β 2 and β 3 , it can be seen that the slope of the plane which passes ln Δp calculated by the modified equation has changed.
Conclusion and Discussion
Using the equation Δp � A · (Q/V) β put forward by Smith and Sapko [29] , this paper considers many factors such as the change of cross-sectional area, roughness of the wall, and obstacles in the tunnel and modifies the equation accordingly. When blast waves propagate in the tunnel, the tunnel can be divided into several zones. e degree of attenuation of overpressure in each zone is distinct, and a constant value of the exponential β cannot represent all the conditions along the tunnel. erefore, there are different attenuation equations and exponential β in each zone.
is theory is applied in the Micangshan highway tunnel in China. e tunnel is divided into four zones. In Zone I, the overpressure can be expressed as 
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From the field tests about overpressure in the Micangshan highway tunnel and the calculation of volume, the exponential β can be determined as follows: β 1 � 0.515, β 2 � 2.66, β 3 � 0.29, and β 4 � 4.45. In Zone I, the R 2 coefficients are almost the same between the modified equation and the original equation for the tested values and calculation values, while in Zone III, the R 2 coefficient of the modified equation is better than that of the original equation.
However, when the modified equation is applied from Zone I to Zone III, it reflects the change of slope in the planes that pass the overpressure. e equation could be modified further at a later time to reflect the change of the slope in a straight line from Zone I to Zone III.
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